Introduction
simulated the near and far fields of the proposed horn antenna, which agree well with the theoretical ones. Finally, a prototype of the antenna working at millimeter wave band is fabricated and measured.
The measured results coincide with the simulated ones, further verifying the design philosophy. To the best of the authors' knowledge, it is the first time to generate OAM wave by a single horn antenna without extra component. It should be noted that the strategy is applicable not only to the millimeter waves but also to other electromagnetic spectrum, e.g. the terahertz wave, which is a quite emerging topic nowadays.
Results

I. Design Principle and Theoretical Analyses
The schematic diagram of the designed horn antenna radiating EM waves carrying OAM (twisted waves) is shown in Figure 1 The angle between the two feeding ports is α, which can be determined according to the required OAM mode index l. Figure 1(b) gives the schematic diagram of the coupler, which is used to provide the desired amplitude and phase of excitation for the horn antenna . In practice, the two output ports are connected to the two feed ports of the horn antenna. The outputs of the coupler (indicated as outport1 and outport2) have an equal amplitude but a 90 o phase difference. The symbol of the phase difference is determined by the input. When the port 1 is excited, the phase difference between the outport1 and putport2 is +90° and an EM wave carrying OAM of index of l=+1 can be generated.
Likewise, with the port 2 excited, an OAM wave with index of l=−1 can be obtained due to the −90° phase difference. A prototype of the proposed horn antenna then designed and fabricated, as shown in Figure 1 (c). The two feeding ports of the horn antenna are connected to the output ports of a coupler via a coaxial-waveguide adapter and coaxial cable. To better understand the OAM principle of the antenna, the formulae of the radiation filed of the designed horn antenna is needed. The computational formulae of a circular aperture's radiation field [37] , expressed in the Cartesian coordinate system as shown in Figure 1 (d), are derived to estimate the radiation characteristic of a conical horn antenna with a circular waveguide. Sharing the same original point of the formulae in [37] , a spherical coordinate (r, θ, φ) is used to locate arbitrary point P in the free space. In this paper, only TE mode is considered for OAM excitation. According to the cavity model in cylindrical coordinates (see Figure 1(d) ), the guided electric field dominated by a TEmn mode in the circular waveguide can be expressed in the cylindrical coordinates as:
where m and n are the mode indices in azimuthal and radial direction, respectively. Jm is the first kind
Bessel function with an order m while Jm' donates the derivative of Jm. The radiation fields can be then deduced as follows,
where is the reflection coefficient in the waveguide, which can be regarded as zero under ideal condition. That is to say, the waveguide is ideally matched. When the reflection coefficient is ignored, Eq. (2) can be simplified as:
where .
Given the known field distribution of TEmn mode, the two input signals are considered subsequently.
Here, the two feeding ports, with a rotation angle of α, are driven with the signals of same amplitude but orthogonal phase. The value of α is the angular spacing of the probe depending on the mode order and can be expressed as α = (2×b+1)π/2m, where b is an integer [38] . Considering the phase difference between port1 and port2 is positive 90 degree, which means the port 2 have a 90° phase delay to port 1, the total field can be written as follows, after the superposition of the individual electric fields excited by the two orthogonal modes,
, where the radiated fields of the aperture from the two input signals can be donated as . Using coordinate transformation between spherical coordinates and Cartesian coordinates, the field distribution at arbitrary point can be derived，
Where .
Since only the value of OAM along the wave propagation direction is taken into consideration, θ is deemed as very small. Under this circumstance, cos1 and sin0 could be applied for the simplification of the formulae:
From the calculated results, it can be seen that x-component and y-component of the electric fields have the azimuth dependency of , indicating the twisted waves. When the phase difference between port 1 and port 2 is negative 90 degree, the azimuth dependency of can be obtained. That is to say if we want to obtain EM wave carrying OAM of |l| order using circular horn antenna, the TEl+1,n mode should be excited according to (6) . The sign of the phase difference between the two signals can result in different sign of the OAM beam's index, e.g., the positive corresponding positive mode index and negative corresponding negative mode index.
To verify the computational formulae of the radiation fields obtained above, a Matlab program is used to clarify the exact phase and amplitude difference of the ideal case. Obviously, the number of the arm is twice the value of l.
To further verify our theory, the numerical simulation is carried out using the full wave simulation software ANSYS HFSS. As mentioned above, the index of OAM carried by radiation fields has a relationship with the mode index of the excited mode in circular waveguide, namely l=m-1.
Therefore, the OAM beam with order l corresponds to the TEl+1, n mode in the waveguide. Figure 2 (b) gives the vector field distributions of different modes in the waveguide, along with the transient field distributions and the phase patterns of the radiation electric field with corresponding order of l. In the simulation, two feed waveguides with a phase difference of 90 o are used to excited different working modes of the circular waveguide. One thing that should be noted is that the observation window is much smaller than that in the calculation with MATLAB, as the full wave simulation software requires extensive computing resources and the model cannot be too large. The observation window with a radius of ρ = 6λ is therefore chosen to be located at z = 5λ and all the results are shown in Figure 2(b) .
From the results, it can be seen that when the TE11 mode is excited (first row of Figure 2(b) ), the corresponding index of the OAM beam is l=0, which can be predicted using the phase pattern and transient field distributions. This is also applicable for the TE21 and TE31 mode, corresponding to l = +1
and l = +2. Two arms for l = +1, and four for l = +2 (the red and blue arms in the figure) in the transient field distributions can be seen apparently, illustrating the existence and the index of OAM mode, while no arm can be observed in the transient field distribution which corresponds to l=0 mode. A similar phenomenon also can be observed in the phase patterns shown in the third column of Figure 2 (b). For the phase patterns with l = +1 and l = +2, one arm and two arms can be in turn found along the counterclockwise direction, while the field and phase keep constant along the azimuth angle for l = 0 case and no arm can be observed. In addition, from the results shown in Figure 2 , very good agreement can be found between the simulated phase patterns and the calculated ones, having verified the theory.
II. Experimental verification and results
To verify the theory and design principle analyzed above, a conical circular horn antenna carrying OAM with order l=±1 at millimeter wave band is fabricated and measured. The photos of the fabricated horn antenna are shown in Figure 1 Using the near-filed antenna measurement system provided by NSI cooperation, the near filed phase pattern and the power density were measured, including both the cases of l=+1 and l=-1. The details about the measurement system and setup are available in the method section. To give a more intuitive cognition on the generated twisted wave, the field intensity and phase pattern of the radiation field on the planes with different distance are shown. Figures 4 (a)-(d) give the measured and simulated field intensity and the phase pattern at z = 85 mm (z = 10 λ) and z = 400 mm (z = 50 λ).
The area is a rectangle with dimensions of 200mm×200mm. From the field intensity, a power null can be obviously observed at the center of the scanned area. The difference between the maximum and minimum values is more than 25dB, which can be observed in the field intensity pattern at different distances z. For the phase pattern, a clear anticlockwise helical phase structure can be found for the l=+1 mode. In this case, the phase change along one circle is 2π which is also consistent with the calculated results. On the other hand, for the case of l = -1, a similar phase structure can be observed while the phase change along the azimuth angle is anticlockwise. Compared with the phase pattern at z = 400 mm, the phase pattern at z=85mm has more turns in the same scanned area. From the figure of the field intensity at z= 400 mm (Figure 2 With the information of the field intensity and phase pattern, a quantitative research on the weight of the generated OAM beam (topological charge) is carried out by using the spiral spectrum algorithm [39] [40] [41] . The method is quite similar to a Fourier transform and it can be used to extract the weight of different spiral harmonics of EM field. Calculated from the phase distribution with this method, the extracted topological charge spectrum from l=-3 to l=+3 is shown in Figure 4 (e). With reference to the figure, one can see that for l=+1, over 87% of the total power is carried by the azimuthal component e iφ in the simulated and measured results. For l=-1 case, the number is 89.7%. This is to say, for the two cases, most of the power is carried by the fundamental azimuthal component and the generated OAM beam has a topological charge with high purity. From the results, it can be found the maximum radiation is in the θ=12° direction and a clear deep null can be found at z axis (θ=0), indicating that the power density is zero along the propagation axis.
From the 2D radiation pattern, we can see that the field intensity in the central region of the vortex is about 23 dB lower than that in the maximum intensity region. The measured gain and efficiency of the horn antenna are shown in Figures 5 (c) and (d) , respectively. The measured peak gain of the antenna is 12.7dBi over the whole operation band, relatively high compared with some other type antennas. In the whole operation band, the antenna efficiency is higher than 80%. However，compared with the commercial horn antennas, the antenna efficiency is somewhat low. This is because the coupler used has a high insertion loss (more than 1 dB), which can be improved by using a millimeter wave coupler based on the waveguide technology. Figure 6 . In the experiment, two designed horn antennas, one as a transmitting antenna and the other as a receiving antenna, are placed in the z axis with concentricity and separated with a distance of 80 mm (10 ) , which can be considered as a near field area. The two hybrid couplers are connected to the horn antenna via coaxial cables. During the measurement, -6 dBm transmitting power is utilized, which is 0.25 mW. The transmission coefficients (S21) for transmitting antenna and receiving antenna were measured by network analyzer. Table I shows the measured absolute and normalized magnitudes of S21 for the transmitting and receiving antennas.
From the results, isolation over 14.5 dB were obtained between the two transmission channels, proving the orthogonality of the different modes of twist waves generated by the horn antenna. 
Discussion
Here, a novel strategy generating twisted waves with arbitrary order OAM mode using horn antenna is proposed. For the first time, higher order modes in horn antenna, which have been overlooked for a long time, are introduced to generate twisted waves with mode combination in this new strategy. Based on the theoretical derivation of the operating principle, the characters of the generated twisted waves, such as the phase pattern, intensity distribution and polarization state, are discussed in detailed. To verify the theory, the numerical simulation of the strategy is carried out and then a prototype of the designed horn antenna which can generate the l = +1 and l = -1 OAM mode is fabricated and measured.
The fabricated prototype of the antenna, which works in millimeter wave band, can generate twisted waves carrying quite high purity OAM modes. With reference to the measured results, it can be indicated that the purity of the OAM mode is higher than 87%, both for l = +1 mode and l = -1 mode.
The antenna possesses a wide bandwidth (over 15%) and relatively high antenna gain (over 12 dBi). In addition, a communication link measurement composed of two OAM modes is carried out to verify the orthogonality between the l = +1 and l = -1 mode. Over 14-dB orthogonality can be observed in the results.
As one of the most widely used antenna in the electromagnetic area, horn antennas are used almost in every branch, from communication to measurement. Therefore, realizing the high purity OAM mode generation with horn antenna has great significance. This antenna's operation band can be easily shifted to Terahertz band, which is an emerging and promising area recently but little work has been done in terahertz twisted wave generation. The performance parameter, such as the bandwidth and the gain, can be further improved using the conventional optimization method in the horn antenna design. In a word, the simple working principle, superior performance and easy fabrication make the antenna promising in the future OAM waves applications.
Method
The calculated results in the theory parts are all processed with MATLAB software. The proposed horn antenna is designed and optimized using the commercial available full-wave simulation software ANSYS HFSS (High Frequency Structural Simulator), based on the finite element method. According to the simulations and designs, we manufactured a prototype of the horn antenna using machining manufacturing. The horn structure is made of aluminum alloy and surface anti-oxidation processing was applied. A commercially-available 90 o hybrid coupler is used as feeding network. The S-parameters are measured through network analyzer 8361a provided by Keysight Technologies.
The NSI near field measurement system setup is shown in Figure 7 
